The thermal behavior of an absorber plate in a solar collector is investigated using finite element analysis. The thermal behavior and efficiency of two absorber plate geometries are studied, using a typical solar collector with a rectangular profile as reference, and a proposed absorber plate with curved geometry. An analysis of the most important parameters involved in the design of the absorber plate was carried out, indicating that the curved geometry of the absorber plate yields an average efficiency ~ 25 % higher than the conventional rectangular geometry. The results suggest that a curved profile made of materials such as aluminum with thermal conductivity higher than 200 W/m °C, plate thickness of the order of 2-3 mm and with a large density of tubes per unit area of the collector´s plate greatly benefits the thermal efficiency of the solar collector.
Introduction
Solar water heaters are widely used in many countries, particularly in regions with an average temperature of at least 26 °C, a relative humidity between 35-65 % and where an average annual radiation of at least 5 kWh/m 2 exists (Mohsen et al, 2009) . The main component of a solar water heater is its collector, which is used for the absorption of thermal energy from the solar radiation. The characteristics of the solar collector are based on the design of the absorber plate, the selective coating, thermal insulation, inclination angle of the collector, and the working fluid (Soteris, 2009; Kundu, 2010; Abdolzadeh & Mehrabian, 2012; Shukla et al., 2013) . A number of researchers have worked on the design and development of solar collectors (Abdolzadeh & Mehrabian, 2011; Ulgen, 2006) . Hottel & Woertz (1942) and Hottle & Whiller (1958) are among the pioneers involved in analyzing the performance of flat plate collectors with parallel tubes, and have also carried out an energy balance of a flat plate collector in order to determine the heat absorbed by the plate. Arrangements in the geometric configuration of the solar collector have also been the focus of several studies, such as those carried out by Matrawy & Farkas (1997) and Balaram Kundu (2002) , who proved the importance of the collector geometry.
In thermal analysis, the efficiency of the fin and the heat transfer factor determine the thermal performance of the collector (Rommel & Moock, 1997) . Nahar & Gupta (1989) found that an optimal separation distance between the absorber plate and the glass cover helps to improve the thermal performance of the solar collector. Yeh et al. (2003) investigated, both theoretically and experimentally, the efficiency of a solar collector taking into account the length and number of tubes in a specific area of the collector; their study showed that reducing the length of the tubes and the separation between them results in a greater efficiency.
The geometry of the absorber plate has also been a focus of investigation. Kovarik (1978) , for example, carried out an analysis of profile variation in a fin-tube absorber and proposed a triangular profile of the fin in order to minimize production costs and improve the distribution of heat flow. Hollands & Stedman (1992) evaluated the reduction of the constituent material of a rectangular profile through a change of shape in the transversal section, obtaining a reduction of ~ 25 % in material, with a decrease in fin efficiency of only 0,5 %. Kundu (2002) , conducted a theoretical analysis of tapered "recto-trapezoidal" fin geometry, and found that this profile was superior in comparison with the heat transfer rates of other profiles such as the rectangular, triangular or trapezoidal. Eisenman et al. (2004) , found a correlation between the efficiency factor of a plate collector and the volumetric content of copper of the absorber plate, in an attempt to minimize the metal content. In addition to experimental work, finite element modeling has also been used in an attempt to optimize the thermal performance of a solar collector and its absorber plate (Rama, 1997; Selmi et al., 2008; Alvarez et al., 2010; Leone Giuliana & Beccali Marco, 2016; Lamnatou et al., 2016) . However, in spite of the important advances in this field, further research is still required in order to improve the thermal efficiency of solar heat collectors.
Given this background, a numerical analysis of a flat plate solar collector is carried out with two absorber plate geometries, rectangular and curved. Both plate profiles are modeled using the finite element method, simulating typical operating conditions and using a known (measured) incident radiation. A parametric analysis of the most influential variables on the thermal efficiency of the absorber plate is performed, evaluating different configurations that may improve the thermal efficiency of the absorber plate.
Methodology
Description of the solar collector and its absorber plate The rectangular geometry described in Figure 1b was taken as reference given that it is a common geometry in this type of collectors (Matrawy & Farkas, 1997) . The curved plate geometry described in Figure 1c is a proposal of this work, with the presumption that it may increase the thermal efficiency of the absorber plate, mainly due to the increase in the tube-to-plate area of contact. Nominal geometric parameters used for both profiles correspond to a thickness (δ) of 0,79 mm; a total length of the representative unit cell (L t ) of 123,8 mm, a distance between tubes of the absorber plate (2L p ) of 108 mm (L p = 54 mm), a profile height (h) of 17,5 mm for the rectangular geometry and h = 9,3 mm for the curved geometry, an exterior tube diameter (D e ) of 15,8 mm, and a fixed tube thickness of 1,4 mm. These nominal values were taken as the basis for modeling a "typical" solar collector, although a parametric analysis was carried out in which some of these values were varied.
Measurement of solar radiation
Aiming for calculations more representative of a real situation, the solar radiation received by the collector (Q r ) was measured using a commercial pyranometer (Dynamax Inc. SPN1, model A619) placed horizontally on a flat unobstructed rooftop on January 26th 2014 in the city of Merida, Yucatan, Mexico (latitude 21° 01´19´´ North, longitude 89° 37´36´´ West, 9 m above sea level). The average temperature for that day was 32 °C, with an average relative humidity of 67 % and an average wind speed of
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14 m/s. Total incident radiation was registered every 5 s to form a curve Q r as a function of time (t) for the entire day. This curve can subsequently be integrated between the desired times (t 1 and t 2 ) to obtain the net heat flow in a period of time ( Q r ). This net heat flow was multiplied by the distance between the tubes of the absorber plate (2L p ) to obtain Q r , i.e.,
The range of time selected herein corresponded to t 1 = 12:00 and t 2 = 14:00. The irradiation curve (not shown) had a parabolic shape centered around 12:00 h. Integrating such an irradiation curve according to Equation (1) 
Finite element modeling and calculation of the thermal efficiency
The use of the solution by analytical techniques with a well-known flat-plate solar collector of fin-and tube type to validated the finite element analysis (Duffie and Beckman, 2006) . For the configuration of the fins to be studied, the numerical interaction of the finite element is used since there is no closed analytical solution.The finite element model of each of the investigated profiles was constructed using a commercial code, Ansys 13,0. A schematic representation of the model for both geometries is shown in Figure 2 . Figure 2a shows a collector plate with the rectangular profile while Figure 2b presents the curved profile. The heat received through radiation (Q r ), the convective heat losses from the collector to the air (Q c ), and from the tube to the circulating fluid (Q ca ), as well as the insulating boundary conditions (Q = 0), are represented in this figure. shown in Figure 2 . Two types of elements were used, denominated "PLANE55" and "PLANE35" in ANSYS. "PLANE55" corresponds to quadrilateral elements with temperature as degree of freedom and linear interpolation, while "PLANE35" corresponds to triangular elements of the same type. These elements are applicable to a thermal analysis in two dimensions and steady state. A nominal mesh of 14,662 elements was used, containing 6,885 rectangular elements and 7,777 triangular ones (see Figure  3 ). This number of elements was selected after a detailed convergence analysis, which proved that an increase in the number of elements to 16,902 does not produce significant changes in the temperatures or heat flows obtained. A finer (graded) mesh was used at and around the contact between the plate and tube in both geometries, in order to capture the heat flow values with greater numerical accuracy. Due to the periodicity and constant width (out-of-plane dimension) of the plate, the representative volume element for both profiles corresponds to the bidimensional models The smallest elements size at the tube/plate contacting the surface was of 0,013 mm × 0,09 mm, and the larger elements of 0,1 × 0,13 mm were used in the rest of the plate and tube, as shown in Figures 3a and 3b . 0,25 mm long triangular elements were generated inside the tube simulating the contained water. The profiles of rectangular and curved plates were subjected to an input heat flow of
, obtained from the measurement of solar radiation and Equation (1). The coefficient of total heat losses through convection, conduction and radiation was set as 10,1 W/m 2 °C for both profiles, which was calculated by means of the Klein (1975) and Duffie & Beckman equations (Duffie & Beckman, 2006; Garg & Rani, 1980) , under conditions which represent a commercial solar collector with a glass cover and an inclination angle of 26°, glass and plate with emissivity of 0,88 and 0,95, respectively, and a wind speed of 14 m/s. This coefficient is used in the finite element model to calculate the thermal losses Q c .
Both profiles were modeled with the boundary condition of heat flow Q(x = 0) = Q(x = L t ) = 0, (see Figures 2a and 2b) . Furthermore, in real conditions, the bottom of the collector is thermally insulated, and therefore for the central lines (8,7 mm for the rectangular one and 3 mm for the curved collector) corresponding to y = 0, zero heat flow was also considered (see Figures 2a and 2b) . The whole perimeter of the upper surface of the absorber plate receives a heat flow Q r , while convective heat losses Q c are imposed on the other free surfaces. For this steady state finite element model, "water" was simulated only as a convection solid at the interior of the tube, to account for convection between the tube and water.
A convective coefficient at the water/tube interface of h ca = 21 W/m 2 °C was taken as a baseline, considering an outdoor temperature of T a = 32 °C. However, values hca were varied between 10-70 W/m 2 °C in the parametric analysis. A copper tube with a thermal conductivity of 401 W/m °C (Incropera & DeWitt, 2007) was also used for the baseline model and the thermal conductivity of the water inside the tube was set to 0,58 W/m 2 °C. For the thermal conductivity of the plate (k), a baseline value of 51,9 W/m °C was used, corresponding to carbon-silicon steel, although this value was varied in the parametric analysis up to 401 W/m °C, representing different materials for the plate (see Table 1 ). The nominal thickness of the plate (δ) was 0,79 mm and varied in the parametric analysis from 0,5 to 3,17 (mm). The tube-to-tube distance in the absorber plate (L p ) was set to a nominal value of 5,4 cm and varied between 3 and 8 cm. The convective coefficient of the water (h ca ) varied from 10 to 70 W/m 2 °C, with a nominal value of 21 W/m 2 °C. In this way, the baseline model is represented by a typical flat plate solar collector with a rectangular profile and plate conductivity of 51,9 W/m °C, a convective coefficient of the water of 21 W/m 2 °C, a total heat loss coefficient of 10,1 W/ m 2 °C, a thickness of 0,79 mm, a total segment length (L t ) of 123,8 mm, and a distance between tubes in the absorber plate (L p ) of 54 mm. These values correspond to a baseline model taken as a reference, and they vary in the parametric analysis in accordance to parameters listed in Table 1 , in order to identify potential improvements in thermal efficiency. One of the parameters of most interest in this model is the heat transmitted from the plate to the tube conducting the water (Q u , see Figure 3 ), since this represents the effective (or useful) heat which is used to heat the water in the collector. This useful heat transmitted from the plate to the tube (indicated in the inset of Figure 3 ) was calculated in the plate-tube contact areas, which are indicated with the letters A, B and C for the collector with rectangular profile (see Figures 1b and 3a) . This contact was considered in the model with a length of l = 3 mm for each contact zone (A, B or C). In this configuration (rectangular profile), the total useful heat transmitted from the plate to the tube through these three points A, B, C, is expressed by,
where the first term represents the heat transmitted at A (left) and C (right) and the second term represents the heat transmitted through B (at the bottom). It is important to point out that the contribution through A and C are equal by symmetry.
For the curved profile shown in Figures 1c and 3b , the contact between plate and tube is continuous and is therefore quantified by means of the angular variable θ (see Figures 3b) . Point A in this configuration corresponds to θ = 0, point B to θ = π/2 and point C to θ = π. However, by symmetry, the useful heat transferred from the plate to the tube through the arch length between points AB is equal to that between points BC, so the total useful heat for the curved profile is obtained by,
where D e is the external diameter of the tube and πD e /2 the arch length of section AB.
In this way, the heat flow at the plate-tube interface (Q u ) was obtained from the finite element model, and the net heat transferred through these borders was numerically calculated by using the areas under the curve of the diagrams Q u (ξ ) vs. ξ (Equation (2a)) and Q u (θ) vs. θ (Equation (2b)).
The thermal efficiency (η) of each configuration of the absorber plate was calculated dividing the net useful heat ( Q u ) (Equation (2a) or (2b)) by the irradiation received by the collector ( Q r Equation (1)), i.e.,
Results and discussion

Parametric analysis
The effect of the absorber plate thickness (δ) was investigated by varying the thickness from δ = 0,50 mm to δ = 3,2 mm (see Table 1 ). The normalized heat flow (Q u ) at
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the plate-tube contact surface identified by section A for the rectangular profile, and section AB for the curved profile, is shown in Figure 4a and Figure 4b , respectively. It is important to note that the lengths of the plate-tube contact for the rectangular and curved profiles are different. For the rectangular profile, each of its three contact areas (A,B,C) is 3 mm long, rendering a total contact length of 9 mm; in the case of the curved profile, the total arch length of the plate-tube contact ABC is 24,8 mm.
By symmetry, the heat flow in segments A and C of the straight profile are equal (see Figures1b and 3a) , and the same symmetry arguments apply for sections AB and BC of the curved profile (see Figures 1c and 3b) . In contrast, in the lower segment B of the straight profile (see Figures  1b and 3a) , the heat flow is negligible. In Figures 4a heat flow at section A reaches a maximum at the upper contact point (ξ y /l = 0), decreasing exponentially towards zero at ξ y /l = l. This is due to the fact that the irradiation reaches the absorber plate from the top and, given the high thermal conductivity of the material of the plate, it reaches a rapid thermal balance at the tube. Although the curves seem overall similar, Q u is higher as δ increases, but it reaches a plateau after certain thickness.
reduces exponentially towards zero at θ = π/2. This is also due to the fact that the incident radiation is absorbed by the upper part of the collector plate and the heat flow quickly moves towards B, reaching thermal balance. Comparing Figures 4a and 4b it is observed that the curved profile presents higher useful heat values with respect to a straight profile with the same thicknesses.
Similar parametric analyses were conducted to investigate the influence of the thermal conductivity of the absorber plate, the distance between tubes, and the convective coefficient of water. The results of this parametric investigation are summarized in the form of curves of efficiency, and presented in the following section.
Comparison of thermal efficiency
In order to obtain a more detailed parametric analysis and a direct comparison of the performance of both absorber plate profiles, the thermal efficiency of the solar collector was calculated by Equation (3) as a function of the plate thickness (δ), thermal conductivity (k), (half) distance between tubes of the absorber plate (L p ), and the convective coefficient of water (h ca ), as shown in Table 1 . observed in Figure 5c that for any L p the curved profile consistently presents higher efficiencies (22-25 %) than the rectangular profile. In Figure 5d it is seen that an increased water flow, represented by an increased convective coefficient of the water (h ca ) increases the thermal efficiency of the collector. The curved profile is 24-27 % more efficient than the rectangular profile. This suggests that an increase in the mass flow of water circulating through the collector´s tubes, would promote more heat exchange, thereby contributing positively to the efficiency of the system (see Joudi & Abd-Alzahra, 1984) .
Conclusions
This work investigated the thermal behavior of an absorber plate as part of a solar collector by means of a numerical analysis based on the finite element method. The thermal behavior and thermal efficiency of two absorber plate geometries were studied, using a typical solar collector with a rectangular absorber plate as reference and a proposed one with a curved geometry. A representative volume element of the absorber plate was established for the finite element model and a parametric analysis was conducted to identify the influence of the most important factors. The finite element analysis suggests that by modifying the rectangular profile to a curved one with greater contact surface between the plate and its tubes the thermal efficiency is significantly improved. From the collector analysis, the increase in thermal efficiency can be as high as 20-28% when the curved profile is used, depending on the selection of plate´s geometric and material parameters. The modeling results suggest that a curved profile made of materials such as aluminum (k ≥ 200 W/m °C), with plate thickness of the order of 2-3 mm and with a large density of tubes per unit area of the collector´s plate, would greatly benefit the thermal efficiency of the collector. The increase in η is pronounced from δ ≤ 2 mm and seems to level off after such a thickness. Regardless of the thickness, the curved profile is 25-28 % more efficient than the rectangular profile.
For the plate´s thermal conductivity (k) (Figure 5b ), an increase in k yields an increase in thermal efficiency which is more pronounced for plate materials with k ≤ 200 W/m °C. A comparison between carbon steel (k = 60,5 W/m °C, see Table 1 ) and aluminum (k = 209 W/m °C), yields larger thermal efficiency for aluminum of the order ~ 8 %. After k = 200 W/m °C, increasing k yields only marginal increases in η, suggesting that plate materials with k ~ 200 W/m °C may suffice. Regardless of k, the curved profile is always 22-25 % more thermally efficient than the rectangular one. Figure 5c describes the behavior of both absorber plate profiles when the distance between tubes of the plate (2L p ) is varied from L p = 3 cm to L p = 8 cm. The thermal efficiency decreases almost linearly as the distance between tubes increases. This highlights the difficulty of the heat to transmit its energy to the tube from relatively long distances. This suggests that a higher density of tubes per unit area (or length) of the absorber plate would enhance its thermal efficiency. In practice, however, a greater density between tubes per unit length/area of the collector may be limited by the manufacture feasibility and would probably increase production costs. Similar conclusions have been reached in previous optimization works of fin geometries in a flat plate solar collector (Hahne, 1985; Viorel, 2006) . It is also c)
